We investigate the sensitivity of the relict, endemic Cretan tree species Zelkova abelicea (Lam.) Boiss. (Ulmaceae) to several climate variables (temperature, precipitation and drought). For this purpose, we establish the first centennial tree-ring chronology for the species, and the first ever tree-ring chronology for a broadleaved species on Crete. We demonstrate the strong sensitivity of Z. abelicea towards precipitation and drought in late spring to early summer and the absence of a significant response to abundant precipitation occurring during winter or early spring. Whereas the late spring sensitivity is strong and consistent through time, the species seems to be experiencing a loss of signal towards early summer conditions since the 1970s, interpreted as an earlier cessation of cambial activity due to the increase in summer drought conditions on Crete. However, despite a reduced vegetative period, no significant decrease in radial growth of Z. abelicea was observed in the tree-ring series for the last decades, thus highlighting the capacity of Z. abelicea to withstand changing environmental conditions.
H I G H L I G H T S
• We established the first ever centennial chronology for a broadleaved tree on Crete. • Zelkova abelicea is most sensitive to precipitation and drought in May-June. • No growth change can be related to the increase in dry conditions of the past decades. • Z. abelicea has a high capacity to withstand changing environmental conditions.
G R A P H I C A L A B S T R A C T
a b s t r a c t a r t i c l e i n f o
Introduction
The genus Zelkova (Ulmaceae) comprises 6 extant tree species (Kozlowski and Gratzfeld, 2013) . The taxon was an important component Science of the Total Environment 599-600 (2017) [797] [798] [799] [800] [801] [802] [803] [804] [805] of northern hemispheric forests during the Paleogene (Mai, 1995; Milne and Abbott, 2002) . The members of the genus nowadays show important disjunctions, which is characteristic of relict trees. Three species are currently found in eastern Asia (Z. serrata, Z. schneideriana, Z. sinica), one in the Transcaucasian region (Z. carpinifolia) and two in the Mediterranean region (Z. sicula, Z. abelicea) (Kozlowski and Gratzfeld, 2013) . The three east Asian and the Transcaucasian species still grow mostly in mesophilous conditions (Kozlowski and Gratzfeld, 2013; Kvavadze and Connor, 2005) , similar to the warm and humid conditions with little seasonal contrast (Mai, 1989; Milne, 2006; Wolfe, 1978) experienced by the ancestral taxon during the Paleogene. The two Mediterranean species, by contrast, occur in more arid and seasonally contrasted climates and have withstood important climatic and environmental changes in the past (Kozlowski and Gratzfeld, 2013) .
Zelkova abelicea (Lam.) Boiss. is of particular scientific interest as it is the only endemic tree species of the Greek island of Crete (Fielding and Turland, 2005) , where it is found solely in the mountains, mainly on north-facing slopes and in areas where soil conditions and humidity are favorable . Moreover, the species is classified as endangered in the IUCN Red List of Threatened Species and holds a very strong patrimonial value, as traditional shepherd canes (katsounes) are preferentially made with its hard and durable wood (Fournaraki and Thanos, 2006) .
The main threats faced by the species are intensive pastoralism (mainly browsing and the effects of the presence of numerous animals such as trampling and soil erosion) and wildfires . Additional threats also come from wood cutting, road construction, land-use changes, and potential anthropogenic modifications of local groundwater regimes (Egli, 1997; Fazan et al., 2012; Fournaraki and Thanos, 2006; Kozlowski et al., 2012 Sarlis, 1987; Søndergaard and Egli, 2006) . The species is protected under Greek law, forbidding the collection and export of any plant material (Fournaraki and Thanos, 2006) , and the pressure on and the use of forest resources in general have greatly diminished on Crete since the 1960s (Arvanitis, 2011) . Additionally, a conservation project for Z. abelicea has been initiated in 2014 to protect the species and to promote regeneration of forest stands, growth of seedlings and browsed individuals, to maintain old specimens and to preserve the genetic variability of the species by coupling different in situ and ex situ measures and by raising public awareness (Project Zelkova, 2017) .
Although conservation projects have been initiated and measures taken to regulate disturbance factors linked with human presence such as browsing flocks or wood cutting, the impacts of climate change on the species remain poorly understood.
Since the 1960s, the Mediterranean area has been subject to a rise of temperatures, especially during the summer season (Giorgi and Lionello, 2008; Luterbacher et al., 2006) . For precipitation, the situation shows more spatial variability (Kostopoulou et al., 2014) . However, decreases in precipitation have been recorded for the Eastern Mediterranean area, and notably for the Greek islands (Kostopoulou and Jones, 2005; Kostopoulou et al., 2014; Sarris et al., 2007) . For the 21st century, climate models predict a continuation of the increase in temperature but show more mitigated results towards a continuation of precipitation decrease (Kostopoulou et al., 2014) .
Moreover, the mountains of the Mediterranean are very vulnerable to climatic changes which may lead to the reduction of species and to habitat changes (Kovats et al., 2014; Nogués-Bravo et al., 2008) .
In this context, understanding the sensitivity of an endangered Paleogene relict such as Z. abelicea to the current climate as well as its reaction to climate change is important for the implementation of conservation measures. For this purpose, we (i) have established a century long tree-ring chronology for Z. abelicea, and (ii) use tree-ring series to investigate the response of Z. abelicea to climatic parameters and (iii) to detect any potential shifts in climate/growth relationships. This study is innovative for Crete and presents a challenge, as very little dendroclimatological research has been carried out on the island (e.g. Sarris et al., 2011; Touchan et al., 2014 , both focused on Pinus halepensis subsp. brutia).
Furthermore, most forest stands have experienced strong and centurylong human impacts such as browsing, pollarding or fire (Arvanitis, 2011; Atherden and Hall, 1999; Rackham and Moody, 1996) that may interfere with the climate signal present in the tree-rings.
Material & methods

Study species
Z. abelicea is a ring-porous deciduous broadleaved tree of the Ulmaceae family found between 900 and 1800 m a.s.l. in all 5 main mountainous regions of Crete (Appendix A, Fig. S1 ). It is characterized by a very fragmented distribution with b 100 known stands and a predominance of stands in the Levka Ori and Dikti Mountains and with only 1 extant known stand from the Psiloritis and Thripti areas, respectively .
The species grows in scattered populations either as monospecific stands or intermixed in open forests with Acer sempervirens, Quercus coccifera or Cupressus sempervirens. Trees grow preferentially in northfacing areas or on the edges of karstic poljes; in areas with deep eutric or dystric cambisol soils with an adequate water supply. The species can also be found on scree slopes, along thalwegs, in or around ephemeral riverbeds, on south-facing slopes preferentially at high altitudes (N1500 m a.s.l.) as well as on slopes with rock outcrops and limited soil (Egli, 1997; Fazan et al., 2012; Søndergaard and Egli, 2006) .
The large majority of individuals grow as dwarfed shrubs b2 m high, while only 5% of the individuals are arborescent, "normal growing" trees. Morphology is mainly driven by browsing pressure with individuals staying stunted for decades to centuries before they are able to escape browsing ( Fig. 1a ) .
The species has a short growing season compared to other tree species growing in the region, leafing out only in mid-May, a typical behavior for a ring-porous species (Sperry et al., 1994; Wang et al., 1992) , and losing its leaves already in October (Egli, 1997 and personal observations) .
Tree-ring widths in Z. abelicea individuals vary between 0.13 and 3.5 mm , and usually have a single row of large earlywood vessels, a feature common to all Zelkova species (Wheeler and Manchester, 2007) , followed by several rows of latewood vessels. Some tree-rings are so narrow that they are formed almost entirely of earlywood vessels, with very little latewood vessels, which can make them difficult to distinguish from their neighbors, or are not formed on the entire circumference resulting in locally missing tree-rings. Tiny tree-rings occur mainly in browsed individuals but can also be found in disturbed arborescent individuals ( Fig. 1b ) (see also Fazan et al., 2012) .
Sampling sites and sampling strategy
In this study, three stands (OMA, KAL, XER) were sampled from the southern and south-eastern sides of the Omalós polje in the Levka Ori in western Crete between 1120 and 1400 m a.s.l. (Table 1 & Appendix A, Fig. S1 ). At these sites, mean annual temperature and total precipitation computed from the local Samaria weather station for the available period (2008-2016) are 11.8°C and 1612 mm, respectively ( A total of 181 increment cores from 90 trees (preferentially two cores per tree) were taken (Table 2) , using a Suunto increment borer, between 40 and 120 cm above the root collar so as to maximize the number of available tree-rings. Cores were preferentially taken on the sides of the trunk that were perpendicular to the general slope direction so as to minimize the impact of tension wood. Trees were selected with respect to their age (oldest possible), state (no visible wounds, rotting, hollowness, tilting) and height (tall enough to not have experienced browsing for several decades).
Sample preparation and analysis
Samples were analyzed and data processed following standard dendrochronological procedures (Bräker, 2002) . Tree-rings were then counted and tree-ring widths measured using a digital LINTAB5 (resolution 1 μm) positioning table connected to a Leica stereomicroscope and TSAP-Win Scientific Software (Rinntech, 2014) .
Individual tree-ring series coming from the same tree were crosschecked visually and statistically using TSAP-Win (Rinntech, 2014) and Cdendro (Larsson, 2003) to check for potential counting errors or missing tree-rings and were then corrected if necessary.
Correctly crosschecked individual tree-ring series were averaged into a single mean tree-ring series per tree. In a further step, mean tree-ring series of different trees were crossdated with one another and again checked for counting errors or missing tree-rings. Finally, crossdating and measurement accuracy were checked using COFECHA (Holmes, 1983) .
Detrending and tree-ring chronology building
Mean tree-ring series were detrended using ARSTAN (Cook, 1985; Cook and Krusic, 2005) to eliminate non-climatic trends (e.g. age related growth trends) and to maximize climatic information. We used the Friedman super smoother method (Friedman, 1984) which is used to model the growth of trees experiencing strong disturbance or competition (Edvardsson et al., 2012; Fang et al., 2010; Leland et al., 2013) . The alpha value was left to the default value of 5. To account for the decreasing number of tree-ring series back in time, we used the method developed by Osborn et al. (1997) which stabilizes the variance of the final tree-ring chronology. Three tree-ring chronologies (standard, residual and arstan) were obtained through ARSTAN and each is a biweight robust mean of the mean tree-ring series which were individually detrended (Cook, 1985) . The running EPS (expressed population signal) and running interseries correlation (running rbar) were calculated using a 40-year window with an overlap of 39 years in order to express the quality, reliability and strength of the common signal in the treering chronology (Wigley et al., 1984) . The commonly accepted EPS threshold above which a tree-ring chronology is considered reliable is 0.85 (Wigley et al., 1984) .
Descriptive statistics of the raw tree-ring chronologies were computed with COFECHA (Holmes, 1983) : mean tree-ring series length in years, mean tree-ring series growth rate, mean sensitivity which shows the mean change in tree-ring width from one year to another and indicates if the trees are complacent (or not) and mean autocorrelation which is a measure of the influence of the growth of the previous year on the tree-ring width of the current year.
Correlation functions
Bootstrapped correlation functions were computed using the program DENDROCLIM 2002 (Biondi and Waikul, 2004 ) between the Bagnouls and Gaussen (1953) as months in which total precipitation (mm) is equal to or lower than twice the mean monthly temperature (°C) (P b 2T). The minimum and maximum mean temperatures of the coldest, respectively warmest months are indicated on the left of the diagram. residual tree-ring chronology in order to minimize the influence of autocorrelation, and the following monthly climatic variables: mean temperature, total precipitation and Standardized Precipitation Evapotranspiration Index (SPEI, Vicente-Serrano et al., 2010) . We used a 12month window going from prior October to current September to encompass the whole current growing season of the species. Only the period for which the residual tree-ring chronology exceeded the 0.85 EPS threshold was taken into account for the analyses.
To assess the stability of the climatic response through time, moving correlation functions were then computed using DENDROCLIM 2002 (Biondi and Waikul, 2004 ) using a 30-year moving window.
Detecting trends in tree growth
Temporal trends and their significance in the standard tree-ring chronology were tested with the Mann-Kendall test (Kendall and Gibbons, 1990; Mann, 1945) , following the approach proposed by Hannaford et al. (2013) and Ruiz-Villanueva et al. (2016) . The Mann-Kendall test is widely used for the analysis of trends in climatologic and hydrologic time series mainly because it is a non-parametric test and does not require the data to be normally distributed.
The Mann-Kendrall test was performed after applying a different detrending method to the Z. abelicea tree-ring series, namely the adaptive regional growth curve (ARGC) (Nicault et al., 2010) . Contrary to the Friedman super smoother method, which mostly preserves high frequency variations, the ARGC standardization has proven efficient to keep long-term fluctuations in tree-ring series and should be more suitable for the assessment of growth trends. We applied the Mann-Kendall test for every possible combination of start and end year over the period for which the standard tree-ring chronology exceeded the 0.85 EPS threshold with a minimum window length of 30 yr.
Climatic data
Station data from western Crete are sparse. The closest functioning weather station in the mountains is b2 km away from the study area but was only installed in 2008. As a consequence, we decided to use mean monthly temperature and monthly total precipitation gridded data from the Climatic Research Unit (35-35.5°N, 23.5-24°E, CRU, 2014) spanning from 1901 to 2013 with a 0.5°latitude and longitude resolution. We also used the SPEI to investigate the influence of drought on tree growth in the study area. SPEI gridded data with a 0.5°latitude and longitude resolution were extracted from the Global SPEIbase for the grid cell closest to the study area (35.3193°N, 23.914°E). We used a short time scale 3-month SPEI (i.e. the values of the two preceding and the current month determine the value of a given month), thereby accounting for precipitation as well as potential short-term groundwater storage.
Results
Tree-ring series and tree-ring chronology
A total of 74 (145) trees (cores) were successfully crossdated and kept for further analyses. 16 (36) trees (cores) were found unsuitable for further analyses as they showed strongly perturbed growth or the wood was too rotten to clearly distinguish the tree-rings. Descriptive statistics for the raw tree-ring chronologies of each sampling site as well as the overall mean raw tree-ring chronology are found in Table 2 .
The raw and residual overall mean tree-ring chronologies, sample depth, running EPS, and running interseries correlation and are represented in Fig. 3 . The EPS exceeds 0.85 between 1913 and 2012 which indicates that the chronology is most reliable for this period. The average Table 2 Descriptive statistics for the raw tree-ring chronologies of the three sampling sites (OMA, KAL, XER) and the overall mean raw tree-ring chronology (MSL: mean tree-ring series length; MGR: mean growth rate; MSE: mean sensitivity; AC: autocorrelation).
# trees (cores)
Time EPS for that period is 0.93 and interseries correlation 0.21. 27 trees are necessary to reach an EPS of 0.85.
Climate growth relationships
Correlation functions are illustrated in Fig. 4 . Significant (p b 0.05) values are indicated with darker colored bars. The period considered for analysis spanned from 1913 to 2012 for precipitation and temperature and from 1913 to 2011 for the SPEI. All values for the correlation functions are found in Appendix A, Table S1 . A significant positive correlation is observed between the Z. abelicea residual tree-ring chronology and current May (0.44) and June (0.39) precipitation (Fig. 4a) . When considered together, the correlation is 0.50. The species is negatively correlated with June (−0.29) temperatures (Fig. 4b) . Significant values for May through August (0.18, 0.39, 0.46 and 0.22, for each month, respectively) are found for the SPEI (Fig. 4c) . The species does not seem to show any sensitivity towards prior winter or early spring conditions or towards conditions occurring at the end of the growing period in autumn.
Temporal stability of climatic sensitivity and trends in tree growth
Moving correlation functions are illustrated in Fig. 5 . Only significant (p b 0.05) values are indicated. The positive correlation with precipitation in May is constant throughout the study period, whereas the correlation with precipitation in June disappears after the mid-1960s (Fig. 5a ). June temperatures are temporally stable until the 1970s, thereafter the signal disappears (Fig. 5b) . By contrast, the SPEI shows a stable positive signal for July throughout the entire period (Fig. 5c ). The multi-temporal trend analysis performed on the ARGC chronology (Appendix A, Fig. S2 ) shows a significant downward trend (p b 0.05) for the period 1913-1950/55. Statistically significant positive slopes are observed for the period 1955-1975/80 . A shift towards narrower rings is detected during the period 1975/80-2000, but this trend is no longer significant after the year 2000 (Fig. 6) .
Discussion
Climatic sensitivity
Complacence and sensitivity towards climate
We were able to crossdate and extract a climatic signal from treering series coming from Z. abelicea trees growing in the mountains of Crete despite the past anthropogenic pressure (e.g. pollarding or browsing revealed by the low interseries correlation value) experienced by the trees. In the literature, tree-ring series considered as complacent have sensitivity values b0.15, whereas tree-ring series with values N0.30 are considered as having high sensitivity (Grissino-Mayer, 2001) . The mean sensitivity value of 0.324 demonstrates the high sensitivity of Z. abelicea tree-rings to year-to-year variability in climate. Moreover, these values are consistent with what can be found for other tree species of the Mediterranean area (e.g. Campelo et al., 2007; Campelo et al., 2010; Cherubini et al., 2003; Garfì, 1997; Lebourgeois et al., 2012; Touchan et al., 2014) .
Prior winter to early spring conditions
No signal was found towards prior winter or early spring conditions. This differs with other deciduous species of the Mediterranean which show positive signals towards winter precipitation (e.g. for Quercus species: Camarero et al., 2016; Cherubini et al., 2003; Corcuera et al., 2004; Di Filippo et al., 2010) . Quercus species are known to have roots that reach deep into the ground and may attain profound water reserves (Cherubini et al., 2003) and thus make use of deeply infiltrated winter precipitation. Similarly to Z. abelicea, Garfì (1997) found no relationships between winter conditions and Z. sicula tree-ring widths in Sicily except for a positive correlation with precipitation occurring shortly before growth resumption. He explains the absence of any signals in Z. sicula towards precipitation during most of the winter period as being linked to its superficial root system. The species can only take advantage of water supplementation occurring during the growth period or very shortly before, whereas any earlier precipitation would have been lost to evaporation and runoff or infiltrated too deep in the underground for the species to benefit at the time the tree starts to grow in spring.
Spring temperatures
Z. abelicea does not seem to take advantage of warmer than usual temperatures in early spring that could help initiate an early onset of growth and a potentially longer growing period, and thus, allow wider tree-rings. This could indicate that the date of growth resumption is not influenced solely by environmental factors. This finding is contrary to the reaction of some deciduous Quercus species growing in the Mediterranean area and investigated by Tessier et al. (1994) . Their study showed that for several species, spring temperatures were positively correlated with tree-ring width, with low temperatures in early spring limiting growth. Gea-Izquierdo and Cañellas (2014) observed that Q. pyrenaica trees growing at colder locations only (i.e. higher altitude) were sensitive to spring temperatures. However, Garfì (1997) also found that Z. sicula was not influenced by early spring temperatures and explained this rigidity by a genetic predetermination of growth resumption. Moreover, ring-porous tree species are known to produce earlywood cells before the onset of the leaves (Bréda & Granier, 1996; González and Eckstein, 2003; Hinckley and Lassoie, 1981) . Earlywood formation thus relies mainly on carbon reserves in the tree (Barbaroux and Bréda, 2002) rather than on climatic conditions at the onset of growth.
Precipitation of late spring to early summer
In our study, the growth of Z. abelicea is mainly influenced by precipitation in May and June of the year of radial growth. A rainfall surplus in late spring to early summer tends to produce wider tree-rings. Similarly, rainfall deficits for the same period are related to narrower tree-rings. June temperatures also play a role (i.e. negative correlation) in radial growth, a process which is probably linked with evapotranspiration processes. This hypothesis is further supported by the positive correlations between the residual tree-ring chronology and May to August SPEI index which reflect the high sensitivity of the species to drought conditions occurring during the previous 3 months. A similar response towards late spring-early summer precipitation and/or drought has also been found in Z. sicula and numerous other species growing in the Mediterranean (e.g. Campelo et al., 2009; Cherubini et al., 2003; Di Filippo et al., 2010; Garfì, 1997; Lebourgeois et al., 2012; Nijland et al., 2011; Tessier et al., 1994; Touchan et al., 2014) . No study has been carried out so far to investigate the precise period in which Mediterranean Zelkova species form tree-rings and their relationship with precipitation. However, several authors studying deciduous ring-porous Quercus species growing in a Mediterranean environment have shown the importance of precipitation in late spring and early summer on tree-ring width formation (e.g. Camarero et al., 2016; Di Filippo et al., 2010; Tessier et al., 1994) . The water balance at that period is of major importance for the growth of deciduous ring-porous Quercus species because most of the latewood is formed at that time (Di Filippo et al., 2010) . In ring-porous trees, variations in tree-ring widths are mainly determined by fluctuations in the amount of latewood produced (Corcuera et al., 2004) . Thus precipitation quantities during this period have a very strong influence on tree-ring widths.
Absence of signal towards summer and autumn conditions
Z. abelicea does not react to climatic conditions occurring during most of the summer period (July-September). It is probable that cambial activity is reduced to a minimum during the dry and hot summer and radial growth is reduced or inhibited due to the lack of water resources during the summer drought period. When drought conditions prevail already in May-June, cambial growth will cease very quickly, inducing a narrower tree-ring. From a physiological perspective, the water deficit combined with high temperatures and the presence of large earlywood vessels typical of ring-porous trees can lead to embolism and vessel cavitation which in turn can reduce tree vitality and thus influences negatively tree-ring width (Di Filippo et al., 2010) . Garfì (1997) found similar results for Z. sicula. Furthermore, other studies have shown that broadleaved trees growing in a Mediterranean climate have reduced cambial activity during the dry and hot summer (e.g. Akkemik et al., 2006; Cherubini et al., 2003; Di Filippo et al., 2010) .
Z. abelicea did not show any correlation with climatic parameters at the end of the summer before the onset of dormancy that could indicate growth resumption. Moreover, no anatomical characteristics (e.g. false tree-rings/intra-annual density fluctuations) that would suggest regrowth were visible. Garfì (1997) found that Z. sicula, on the contrary, had a correlation with autumnal climatic conditions, reflecting a reactivation of the cambium after the limiting summer conditions had ceased, and before the onset of winter dormancy. This reactivation is visible in the tree-ring series by a false tree-ring, and on an eco-physiological level by new shoots and leaves. In the aforementioned study, temperature (23°C) and precipitation (63 mm) in September, at the end of the summer season, are both higher compared to the situation of Z. abelicea on Crete (17.11°C and 31 mm in September for the Samaria weather station, NOA, 2016). The absence of cambial reactivation in Z. abelicea could therefore be linked to the fact that when moisture conditions become optimal enough for growth again, mean temperatures are already too low and leaf senescence mechanisms and preparation for dormancy have already initiated.
Stability of climatic sensitivity through time
The temporal stability of the May precipitation signal in the moving correlation functions shows that the sensitivity of the species has not changed throughout the past century. However, the loss of the June precipitation and temperature signals since the mid-1960 and early 1970s could be an indication that the species is experiencing an earlier onset of dry and hot summer conditions and thus stops its activity earlier than before, already in June, in order to face the summer drought conditions. These signal losses and their appearance since the mid-1960s and early 1970s, are corroborated with data on local climatic changes and in particular the increase in summer drought conditions that have been observed for Crete since the 1970s (Chartzoulakis and Psarras, 2005; Sarris et al., 2011 and references therein) . However, we only found limited evidence of radial growth decrease that could suggest that Z. abelicea trees are suffering from increasing drought conditions since the 1970s. The Mann-Kendall test (Fig. 6) shows that there is a statistically significant trend towards narrower tree-rings after the 1970s, but the trend lessens and is no longer significant after 2000 and is not found for the most recent years. This differs from results of Sarris et al. (2011) on Pinus halepensis growing in lowland Crete, who distinctly showed that tree-ring widths have decreased since the 1970s in connection with the diminution in rainfall and stated that trees have increased their dependency towards deep water reserves. In this respect, our preliminary findings highlight the capacity of Z. abelicea to cope with increasing summer drought conditions. However, these results call for more investigations as (i) they were only derived from one population from the mountains of western Crete and should be replicated to other mountain ranges on Crete; (ii) the absence of reaction of Z. abelicea towards current climate changes could come from the larger amounts of annual precipitation that fall in the Cretan mountains (N1500 mm/yr) as opposed to the lowlands (b 300 mm/yr) (NOA, 2016; Rackham and Moody, 1996; Vrochidou and Tsanis, 2012) ; (iii) the cessation of the exploitation of Z. abelicea trees for wood and fodder in the mountains of Crete since the 1960s and the co-occurring climate change may influence and counteract the climatic signal contained in the tree-rings; (iv) although tree growth does not seem to be influenced by changing climatic conditions, the increased drought conditions may affect negatively forest regeneration by lowering seed germination rates and seedling or sapling survival.
Conclusions
This study has demonstrated the feasibility of extracting dendroclimatic signals from trees that have experienced intense anthropogenic disturbances in the past. We were also able to establish the first centennial tree-ring chronology for Z. abelicea, which is also the first tree-ring chronology for a broadleaved tree on Crete.
Our analyses show that radial growth of Z. abelicea is significantly correlated to drought conditions in May and June. Since the species showed no signal towards summer conditions, we hypothesize that its cambial activity is reduced to a minimum during that period in order to cope with the water deficit conditions during the summer months. Moreover, Z. abelicea does not seem capable of taking advantage of less limiting conditions at the beginning (e.g. abundant winter precipitations) or the end of the growing season as observed for Z. sicula on Sicily. However, additional studies on groundwater regimes and water accessibility should be undertaken to clarify this aspect.
The climatic sensitivity of the species is stable throughout the 20th century for most of the climatic parameters. A loss of sensitivity towards June conditions since the 1970s is interpreted here as an earlier onset of reduced summer activity. This evolution is consistent with the changes in climate that have been noticed since the 1970s for Crete, namely an intensification of summer drought conditions. At the same time, the absence of any significant decrease in tree-ring series suggests the ability of Z. abelicea to maintain its wood production despite a reduced growing season and demonstrates the capacity of the species and of relict trees, in more general terms, to withstand severe environmental changes, which is promising for the long-term conservation of the species. helped to improve a previous version of the manuscript. Permission to sample trees and export material was granted by the Greek Ministry of the Environment, permits no. 172927/1881 and no. 1162. Fieldwork was supported through a student grant from the Fondation Ernst et Lucie Schmidheiny (Geneva) and through private funds in the scope of the Zelkova project.
